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Abstract
Accurate assessment of childhood adiposity is important both for individuals and populations. We compared fat mass (FM)
predictions from a novel prediction model based on height, weight and demographic factors (height–weight equation) with
FM from bioelectrical impedance (BIA) and dual-energy X-ray absorptiometry (DXA), using the deuterium dilution method
as a reference standard. FM data from all four methods were available for 174 ALSPAC Study participants, seen 2002–2003,
aged 11–12-years. FM predictions from the three approaches were compared to the reference standard using; R2, calibration
(slope and intercept) and root mean square error (RMSE). R2 values were high from ‘height–weight equation’ (90%) but
lower than from DXA (95%) and BIA (91%). Whilst calibration intercepts from all three approaches were close to the ideal
of 0, the calibration slope from the ‘height–weight equation’ (slope= 1.02) was closer to the ideal of 1 than DXA (slope=
0.88) and BIA (slope= 0.87) assessments. The ‘height–weight equation’ provided more accurate individual predictions with
a smaller RMSE value (2.6 kg) than BIA (3.1 kg) or DXA (3.4 kg). Predictions from the ‘height–weight equation’ were at
least as accurate as DXA and BIA and were based on simpler measurements and open-source equation, emphasising its
potential for both individual and population-level FM assessments.
Introduction
With the ongoing childhood obesity epidemic in many
countries including the United Kingdom (UK), accurate
assessment of childhood adiposity is important both for
individual and population level assessment. Body mass index
(BMI), an indirect and widely used marker of adiposity, has
serious limitations in childhood populations [1–3]. Crucially,
as a weight-based measure, it does not discriminate between
fat mass (FM) and fat-free mass, which can vary markedly in
individuals with a given BMI [2]. More direct methods of FM
assessment may represent an important advance in the
assessment of adiposity, including dual energy x-ray absorp-
tiometry (DXA) and bioelectric impedance analysis (BIA) [3],
which are increasingly available and are being used more
frequently but may lack precision [3–5]. We recently devel-
oped and validated an alternative approach for FM assess-
ment, the ‘height–weight equation’ (Supplementary Box 1),
which accurately estimated FM from simple measurements of
height and weight combined with information on sex, age and
ethnicity [6]. The ‘height–weight equation’, derived in a large
dataset of UK children aged 4–15 years, demonstrated high
levels of predictive accuracy upon internal and external
validation [6]. Here we compare the accuracy of FM pre-
dictions from the ‘height–weight equation’ with FM obtained
from BIA and DXA, using the deuterium dilution (DD)
method as a reference standard, in a study of UK children
aged 11–12 years.
Research design and methods
The Avon Longitudinal Study of Parents and Children
(ALSPAC) is a UK-based birth cohort study containing
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detailed assessments from 14,062 live born children, and
their mothers, from the Bristol area between April 1991 and
December 1992, including information on height, weight,
sex, ethnicity, and age [7, 8]. From the full cohort, descri-
bed in Appendix 1, a subsample of 176 children were
recruited, stratified by sex and BMI to be representative of
the cohort, and underwent detailed body composition
assessments using the DD, BIA and DXA approaches and
measures of height and weight taken at 11–12 years
between 2002 and 2003 [5]. Height measurements were
made using the Harpenden Stadiometer. Weight and BIA
assessments were made using the Tanita TBF305 foot–foot
BIA, entering height data manually, and using manu-
facturer’s software to obtain FM estimates [9]. Whole body
DXA scans were conducted using a Lunar Prodigy fan-
beam densitometer using paediatric software to obtain FM,
as described previously [9], where the child’s height,
weight, date of birth, gender and ethnicity (if available)
were inputted into the machine before the scan. Ethnicity
was based on parental self-reported information. DD
assessment involved estimating fat-free mass (and indirectly
FM) from total body water. Participants provided saliva
samples before consuming water containing deuterium
oxide, and also 4–5 h after. This allowed for the analysis of
the exchange of deuterium in body water using infrared
spectroscopy [10]. Please note that the study website con-
tains details of available data through a searchable data
dictionary and variable search tool: http://www.bristol.ac.
uk/alspac/researchers/our-data.
Statistical analyses were performed using Stata v15. The
‘height–weight equation’ (Supplementary Box 1), based on
measurements of height, weight, sex, age and ethnicity, was
used to predict FM within the study population as described
in the original publication [6]. All individuals with complete
and non-negative measurements of FM from all four
approaches comprised the analysis sample; median values
of key variables are presented, by sex and overall, in Sup-
plementary Table 1. The predictive performance of the three
approaches (the ‘height–weight equation’, DXA and BIA)
were assessed and compared, using the fourth approach, the
DD method, as the reference standard, based on the fol-
lowing established performance metrics [11] and their
respective ideal values: (i) R2—percentage of the variance
in reference standard FM explained by predicted FM; (ii)
calibration (slope and median-centred-intercept)—agree-
ment between predicted and reference standard FM assessed
in terms of the slope (ideal value being 1) and median-
centred-intercept (ideal value being 0) from a simple linear
regression model regressing reference standard FM on
predicted FM values (FM values were centred around the
median FM value to allow for meaningful interpretation of
the intercept of agreement at the median FM level), and (iii)
root mean square error (RMSE)—average difference
between predicted and reference standard FM values (lower
values indicating more accurate predictions). The overall
calibration of each approach was assessed graphically by
plotting agreement between median predicted and median
reference standard FM within tenths of predicted FM.
Sensitivity analyses were conducted to: (i) assess the sex-
specific predictive performance of each method and (ii) to
assess the impact of using the an alternative published BIA
equation [12] to obtain FM estimates, rather than using
manufacturers equations.
Results
There were 176 children with complete measurements of
FM from all four methods. Two children had negative FM
values from DXA assessments, leaving 174 children
included in the final analysis. The characteristics of the
study population are presented in Supplementary Table 1.
The average age was 11.8 years (range: 11.5–12.8 years)
and median FM from the DD reference method was 9.4 kg
(IQR: 7.0).
The predictive performance metrics from the three
approaches, compared with DD, are presented in Table 1.
The ‘height–weight equation’ produced an R2 value of
89.8% (95% CI: 86.9, 92.7%) and a RMSE of 2.6 kg (Table
1). In comparison, the R2 value from DXA was 94.8% (95%
CI: 93.3, 96.3%) with a RMSE of 3.4 kg and from BIA
assessments the R2 value was 91.0% (95% CI: 88.4, 93.5%)
with a RMSE of 3.1 kg. These RMSE values correspond to
an average proportion of error of 28% of median FM from
Table 1 Predictive performance
statistics from three approaches,
compared with reference
standard deuterium dilution
assessments of fat mass.
FM prediction method Overall [N= 174]
R2 (%) Calibration Slope Calibration intercept (kg) RMSE (kg)
Height–weight equation 89.8 (86.9, 92.7) 1.02 (0.97, 1.08) −0.05 (−0.40, 0.30) 2.59
BIA 91.0 (88.4, 93.5) 0.87 (0.82, 0.91) −0.07 (−0.39, 0.26) 3.05
DXA 94.8 (93.3, 96.3) 0.88 (0.85, 0.91) −0.24 (−0.49, 0.01) 3.40
Calibration slope and intercept based on FM values centred around the median FM. Ideal values of
calibration slope and intercept are 1 and 0, respectively.
RMSE root mean square error.
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the ‘height–weight equation’, 33% from BIA and 36% from
DXA. Whilst the median-centred-intercepts were similar
and close to the ideal of 0 from each of the approaches,
(‘height–weight equation’: −0.05 kg [95% CI: −0.40, 0.30
kg]); DXA: −0.24 kg [95% CI: −0.49, 0.01 kg]; BIA
−0.07 kg [95% CI: −0.39, 0.26 kg]), the slope from the
‘height–weight’ equation of 1.02 (95% CI: 0.97, 1.08) was
closer to the ideal value of 1 than those of DXA (slope=
0.88 [95% CI: 0.85, 0.91] and BIA (slope= 0.87 [95%
CI:0.82, 0.91]). Overall calibration, assessed across tenths
of predicted FM, demonstrates the overall agreement
between reference standard and predicted FM from the three
approaches (Fig. 1; Supplementary Table 2) across the
range of FM values. Agreement between predicted and
reference standard FM at the lower end of the FM dis-
tribution was accurate and generally similar for all three
methods. FM predictions at the upper end of the FM dis-
tribution were accurate from the ‘height–weight equation’,
but less so from BIA and DXA (Fig. 1; Supplementary
Table 2). For example, in the lowest decile, the differences
between median reference standard and predicted FM were
−0.08, −0.04 and −1.34 kg from the ‘height–weight
equation’, BIA and DXA, respectively. However, in the top
decile, respective differences were 0.01, −3.78 and
−4.77 kg (Supplementary Table 2).
Sensitivity analyses assessing the predictive performance
of the methods separately for boys and girls showed a
similar pattern of results to the sex-combined analyses
(Supplementary Table 3 and Supplementary Fig. 1).
Although there is a systematic difference in FM between
boys and girls, the predictive performance of the model is
unaffected by sex. Furthermore, utilising the alternative
BIA equation [12] to assess the impact on the accuracy of
FM predictions provided similar results to those obtained
using the manufacturer’s software, with an R2 value of
91.9% (95% CI: 89.7, 94.2%), a calibration slope of 0.88
(95% CI: 0.84, 0.92) with a median-centred-intercept of
0 kg (95% CI: −0.31, 0.30) and a RMSE value of 2.3 kg.
Discussion
This study compared the predictive performance of a novel
approach to assessing childhood FM based on measure-
ments of height, weight and simple demographic informa-
tion with FM predictions obtained from two other methods;
BIA and DXA, using the DD method as a reference stan-
dard, in a study of children aged 11–12 years. Amongst
11–12-year-old children, the ‘height–weight equation’ had a
calibration slope close to the ideal of 1, a median-centred-
intercept close to the ideal of 0 and provided FM estimates
with the lowest RMSE (average individual level error).
DXA and BIA also provided predictions with low indivi-
dual level error, but suffered from overall mis-calibration
demonstrated by the decreased accuracy of FM predictions
with increasing FM, suggesting that DXA and BIA may be
less suited to children with increasing adiposity. This is due
to the effect of an accurate calibration intercept combined
with a mis-calibrated slope, demonstrating the need to
consider these two metrics together.
The results of this study are consistent with findings of
other validation studies carried out to assess the perfor-
mance of DXA or BIA using either the DD method
[5, 13, 14] or other multi-component models [4, 15, 16] as
reference methods. These studies similarly reported that
although, on average, FM (expressed either as kilograms of
fat or FM%), was overestimated by DXA [4, 5, 13, 15, 16]
and BIA [5, 14], the accuracy of DXA and BIA assessments
varied considerably across the range of FM values, with
DXA over-estimating FM at higher levels and under-
estimating at lower levels [5, 13, 16]. Finally, the study by
Sopher et al. also showed that DXA estimates of FM%
Fig. 1 Calibration plot of reference standard fat mass and predicted values, across tenths of predicted fat mass. Black line represents line of
equality. Grey line represents a local regression smoother through individual level data points.
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explained a high proportion of the variation in FM% from
the reference method.
This study provides a comparison of three approaches to
estimate childhood FM providing an independent and
comparable assessment of their respective predictive per-
formances. However, whilst the sample size of 174 is suf-
ficient to provide reasonable precision of the predictive
performance metrics for the current analyses, participants
were drawn from a narrow age range and a single ethnic
group, making wider generalisability speculative. Whilst the
estimates of FM from BIA were obtained using the manu-
facturer’s equations, results were consistent when using an
alternative BIA equation to estimate FM. Furthermore, just
as new BIA equations or DXA software are being devel-
oped, the ‘height–weight’ equation can also be updated as
more data become available. Although data collection was
undertaken between 2002 and 2003, the dataset used in this
study to compare the predictive performance from each
approach, contains children with a wide range of anthro-
pometric characteristics, which remain reasonably con-
sistent with measures from more contemporary children
[17].
The findings of this study have important implications
for clinical practice and preventive policy in the UK and
similar populations. The ‘height–weight equation’, which is
an open-source equation and based on readily available
measurements, predicts FM levels at least as accurately as
DXA and BIA, which rely on both costly equipment and
manufacturer’s software/equations which are typically not
openly available. Due to the high level of accuracy in
predicting FM obtained by the ‘height–weight equation’, it
is likely to prove a more effective use of height and weight
information than the use of indirect markers of adiposity,
such as weight-for-height indices (e.g. BMI). This
approach, after validation and possibly re-calibration, could
also be beneficial in low-income populations with emerging
increased concerns about overweight, and where the costs
of more sophisticated assessments of FM may remain
prohibitive.
Acknowledgements We are grateful to all the families who took part
in the ALSPAC study, the midwives for their help in recruiting them,
and the whole ALSPAC team, which includes interviewers, computer
and laboratory technicians, clerical workers, research scientists,
volunteers, managers, receptionists and nurses. The authors thank
Professor J.J. Reilly for helpful advice.
Funding This research was supported by a PhD studentship from the
British Heart Foundation (FS/17/76/33286) and by the National
Institute of Health Research (NIHR) Applied Research Collaboration
South London (NIHR ARC South London). CMN is supported by the
Wellcome Trust Institutional Strategic Support Fund (204809/Z/16/Z)
awarded to St. George’s, University of London. The UK Medical
Research Council and Wellcome (Grant ref.: 102215/2/13/2) and the
University of Bristol provide core support for ALSPAC.
Author contributions Study design—MTH, CGO, DGC, ARR, PHW,
CMN. Data analysis—MTH. Data interpretation—MTH, PHW, ARR,
CGO, DGC, CMN. Drafting manuscript—MTH. Critical evaluation
and revision of manuscript—MTH, CGO, DGC, ARR, PHW, CMN.
The corresponding author, MTH, attests that all listed authors meet
authorship criteria and that no others meeting the criteria have been
omitted. This publication is the work of the authors who will serve as
guarantors for the contents of this paper. MTH affirms that the
manuscript is an honest, accurate, and transparent account of the study
being reported; that no important aspects of the study have been
omitted; and that any discrepancies from the study as planned have
been explained. The views expressed in this paper are those of the
authors and not necessarily those of the funding agencies, the National
Health Service, the NIHR or the Department of Health.
Compliance with ethical standards
Conflict of interest The authors declare that they have no conflict of
interest.
Ethical approval Ethical approval for the ALSPAC study was obtained
from the ALSPAC Ethics and Law Committee and the Local Research
Ethics Committees.
Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.
Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.
References
1. Hall DM, Cole TJ. What use is the BMI?. Arch Dis Child.
2006;91:283–6.
2. Wells JC. A Hattori chart analysis of body mass index in infants
and children. Int J Obes Relat Metab Disord. 2000;24:325–9.
3. Wells JC, Fewtrell MS. Measuring body composition. Arch Dis
Child. 2006;91:612–7.
4. Williams JE, Wells JC, Wilson CM, Haroun D, Lucas A, Fewtrell
MS. Evaluation of Lunar Prodigy dual-energy X-ray absorptio-
metry for assessing body composition in healthy persons and
patients by comparison with the criterion 4-component model. Am
J Clin Nutr. 2006;83:1047–54.
5. Reilly JJ, Gerasimidis K, Paparacleous N, Sherriff A, Carmichael
A, Ness AR, et al. Validation of dual-energy x-ray absorptiometry
and foot-foot impedance against deuterium dilution measures of
fatness in children. Int J Pediatr Obes. 2010;5:111–5.
6. Hudda MT, Fewtrell MS, Haroun D, Lum S, Williams JE, Wells
JCK, et al. Development and validation of a prediction model for
fat mass in children and adolescents: meta-analysis using indivi-
dual participant data. BMJ. 2019;366:l4293.
M. T. Hudda et al.
7. Boyd A, Golding J, Macleod J, Lawlor DA, Fraser A, Henderson
J, et al. Cohort Profile: the ‘children of the 90s’-the index off-
spring of the Avon Longitudinal Study of Parents and Children.
Int J Epidemiol. 2013;42:111–27.
8. Fraser A, Macdonald-Wallis C, Tilling K, Boyd A, Golding J,
Davey Smith G, et al. Cohort Profile: the Avon Longitudinal
Study of Parents and Children: ALSPAC mothers cohort. Int J
Epidemiol. 2013;42:97–110.
9. Ness AR, Leary SD, Mattocks C, Blair SN, Reilly JJ, Wells J,
et al. Objectively measured physical activity and fat mass in a
large cohort of children. PLoS Med. 2007;4:e97.
10. Jennings G, Bluck L, Wright A, Elia M. The use of infrared
spectrophotometry for measuring body water spaces. Clin Chem.
1999;45:1077–81.
11. Moons KM, Altman DG, Reitsma JB, et al. Transparent reporting
of a multivariable prediction model for individual prognosis or
diagnosis (tripod): explanation and elaboration. Ann Intern Med.
2015;162:W1–W73.
12. Clasey JL, Bradley KD, Bradley JW, Long DE, Griffith JR. A new
BIA equation estimating the body composition of young children.
Obesity. 2011;19:1813–7.
13. Crook TA, Armbya N, Cleves MA, Badger TM, Andres A. Air
displacement plethysmography, dual-energy X-ray absorptio-
metry, and total body water to evaluate body composition in
preschool-age children. J Acad Nutr Diet. 2012;112:1993–8.
14. Wells JC, Fuller NJ, Dewit O, Fewtrell MS, Elia M, Cole TJ.
Four-component model of body composition in children: density
and hydration of fat-free mass and comparison with simpler
models. Am. J Clin. Nutr. 1999;69:904–12.
15. Wong WW, Hergenroeder AC, Stuff JE, Butte NF, Smith EO,
Ellis KJ. Evaluating body fat in girls and female adolescents:
advantages and disadvantages of dual-energy X-ray absorptio-
metry. Am J Clin Nutr. 2002;76:384–9.
16. Sopher AB, Thornton JC, Wang J, Pierson RN Jr., Heymsfield
SB, Horlick M. Measurement of percentage of body fat in 411
children and adolescents: a comparison of dual-energy X-ray
absorptiometry with a four-compartment model. Pediatrics.
2004;113:1285–90.
17. Griffiths LJ, Sera F, Cortina-Borja M, Law C, Ness A, Dezateux
C. Objectively measured physical activity and sedentary time:
cross-sectional and prospective associations with adiposity in the
Millennium Cohort Study. BMJ Open. 2016;6:e010366.
Quantifying childhood fat mass: comparison of a novel height-and-weight-based prediction approach with. . .
